Abstract Crustal extension is commonly thought to be accommodated by faults that strike orthogonal and obliquely to the regional trend of the minimum compressive stress (σ 3 ). Activation of oblique faults can, however, be conceptually problematic as under Andersonian faulting, it requires preexisting crustal weaknesses, high fluid pressures, and/or stress rotations. Furthermore, measurements of incremental fault displacements, which are typically used to identify oblique faulting, do not necessarily reflect regional stresses. Here, we assess oblique faulting by calculating the stress ratio (σ 3 /σ 1 , where σ 1 is the maximum compressive stress), slip tendency, and effective coefficient of friction (μ s ′) required to reactivate variably striking normal faults under different trends of σ 3 . We apply this analysis to NW and NNE striking active faults at the southern end of the Malawi Rift, where NE-SW, ENE-WSW, E-W, and SE-NW σ 3 trends have previously been proposed. A uniform σ 3 trend is inferred for this region as recent joints sets do not rotate along the rift. With a NE-SW trending σ 3 , NW-striking faults are well oriented, however, NNE-striking faults require μ s ′ < 0.6 to reactivate. This is inconsistent with a lack of frictionally weak phyllosilicates detected in the fault zone rocks. With an ENE-WSW to E-W trending σ 3 , all faults can reactivate at μ s ′ > 0.55. These σ 3 trends are also comparable to a focal mechanism stress inversion, regional joint orientations, and previously reported geodetically derived extension directions. We therefore conclude that unlike typical models of oblique rifting, the southern Malawi Rift consists of faults that all strike slightly oblique to σ 3 .
Introduction
Faults in continental rifts often exhibit a wide range of orientations, which can be rationalized in terms of the angle (α) between fault strike and the trend of the minimum principal compressive stress (σ 3 ). In this context, one set of faults commonly strikes orthogonal to σ 3 (i.e., α~90°), and another set strikes highly obliquely to σ 3 (α < 45°). This rifting style has been proposed for the East African Rift System (EARS; Corti, 2012; Delvaux, 2001; Smith & Mosley, 1993) , Rio Grande Rift (Aldrich, 1986) , Rhine Graben (Chorowicz & Deffontaines, 1993; Lopes Cardozo & Behrmann, 2006) , and the Taupō Rift (Villamor et al., 2017) and has been replicated in analog and numerical models (Acocella et al., 1999; Brune, 2014; McClay & White, 1995; Withjack & Jamison, 1986) .
There is, however, a fault mechanics problem with the presence of two different sets of fault strikes in continental rifts, as under an Andersonian normal fault stress state and typical rock frictional coefficients (0.6-0.8; Byerlee, 1978) , α should be consistently~90°. Oblique fault reactivation therefore requires either preexisting cohesionless (Etheridge, 1986; Morley et al., 2004) or frictionally weak planes (Massironi et al., 2011) and/or stress state rotations in time (Bellahsen et al., 2006; Henstra et al., 2015) or space (Morley, 2010) .
Alternatively, observations of oblique faulting may simply reflect the challenges of determining regional stress directions. Typically, these are inferred from measurements of incremental fault strain (i.e., fault slickensides and earthquake focal mechanisms), which is justified by the prediction that fault slip is parallel to the direction of maximum resolved shear stress on a plane (Bott, 1959; Wallace, 1951) . However, this "Wallace-Bott criterion" can break down (Pollard et al., 1993; Twiss & Unruh, 1998) , including cases where rift faults that strike oblique to the regional σ 3 trend accommodate pure normal dip slip (Corti et al., 2013; Morley, 2010; Petit et al., 1996; Philippon et al., 2015) . Deriving stress states in rifts from fault slickensides is further complicated because dip slip faults can host oblique slip and even strike slip components due to convergent patterns of coseismic slip (Hampel et al., 2013; Philippon et al., 2015; Roberts, 1996) . Therefore, the use of these measurements to infer that a fault is oblique is not necessarily justified.
In this study, we analyze oblique faulting by assuming a priori different stress states, and then interpreting their applicability in terms of fault reactivation potential. We use the southern end of the Malawi Rift ( Figure 1 ) as a case example, as geological maps (Bloomfield & Garson, 1965; Habgood et al., 1973; Walshaw, 1965) , fault scarps (Hodge et al., 2018 (Hodge et al., , 2019 Jackson & Blenkinsop, 1997; Wedmore et al., 2019) , and earthquake focal mechanisms (Delvaux & Barth, 2010) demonstrate that active faults switch from NW-SE striking in the Makanjira Graben to NNE-SSW in the Zomba Graben and then back to NW-SE in the Lower Shire Graben as the rift follows an arcuate bend in the high grade metamorphic foliation (Figure 2a ). Furthermore, there is an inconsistency in the regional σ 3 trend when inferred from fault slickensides (Chorowicz & Sorlien, 1992; Delvaux et al., 2012) , fault geometry (Mortimer et al., 2007) , earthquake focal mechanisms (Delvaux & Barth, 2010) , and geodesy (Stamps et al., 2018) . Here, four possible stress states are considered:
1. Stress State 1: σ 3 trends SW (06/242, minimum horizonal stress (S hmin ) = 00/062, Figure 2d ), as proposed by an earthquake focal mechanism stress inversion for the Malawi Rift (Delvaux & Barth, 2010) . In this way, α is~90°and~40°for NW-striking and NNE-striking faults respectively. 2. Stress State 2: an ENE-WSW trending σ 3 (10/072, Figure 2e ), consistent with individual GPS stations in the Malawi Rift ( Figure 1 ; Stamps et al., 2018) and an updated Malawi rift-wide focal mechanism stress inversion (section 3.2). In this case, α > 50°for all faults. 3. Stress State 3: an E-W trending σ 3 (00/082, Figure 2f ), which is consistent with the extension direction inferred from EARS scale geodetic models (Stamps et al., 2018) and regional joint orientations ( Figure 2c ). Thus, both faults sets form slightly oblique to σ 3 (α > 60°). 4. Stress State 4: stress is spatially heterogenous in southern Malawi, with Proterozoic fabrics actively rotating σ 3 along the rift so that α is consistently~90° (Figure 2g ; Morley, 2010) .
The reactivation potential of three differently oriented faults in these stress states is then quantified by their stress ratio, slip tendency, and effective coefficient of friction. By comparing these results to the frictional properties of the faults inferred from new field observations and compositional analysis, and deformation experiments performed by Hellebrekers et al. (2019) , we can determine which stress state is most applicable in southern Malawi. In doing so, new insights are gained into the applicability of using incremental fault strain measurements in stress inversions, and on the controls on fault geometry in an incipient rift.
Geological Setting of the Southern Malawi Rift
The Malawi Rift is a 900-km long section of the EARS Western Branch, and runs from the Rungwe Volcanic Province (RVP) to the Urema Graben (Figures 1 and 2 ; Ebinger et al., 1987) . It can be divided along its axis into a series of 100-to 150-km long grabens and half grabens with alternating polarities (Ebinger, 1989; Ebinger et al., 1987; Flannery & Rosendahl, 1990; Laõ-Dávila et al., 2015) . The focus of this study are the three southernmost grabens: the Lower Shire, Zomba, and Makanjira grabens (Figure 2a ).
Basement rock within these grabens constitute part of the Southern Irumide Belt (Figure 1) Geochemistry, Geophysics, Geosystems Fritz et al. (2013) and underlain by Shuttle Radar Topography Mission 30-m digital elevation model (Sandwell et al., 2011) . Location of focal mechanisms listed in Table 1 and vectors from GPS stations for a fixed Nubia Plate reference frame reported by Stamps et al. (2018) also given. Foliation trends collated from SRTM images, field measurements, and previous studies (Bloomfield, 1958 (Bloomfield, , 1965 Bloomfield & Garson, 1965; Habgood et al., 1973; Hodge et al., 2018) .
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Geochemistry, Geophysics, Geosystems Figure 2 . (a) Map of active faults in southern Malawi collated from TanDEM-X digital elevation model and geological maps (Bloomfield, 1958 (Bloomfield, , 1965 Bloomfield & Garson, 1965; Habgood et al., 1973; Hodge et al., 2018 Hodge et al., , 2019 Walshaw, 1965; Wedmore et al., 2019) . Area shown is indicated in Figure 1b . The azimuth of the ZOMB GPS station (Stamps et al., 2018) , and joint and fault field localities are also shown. Rose plots for measurements of (b) fault and (c) joint strike for each of the grabens. (d-g) Schematic representation of the minimum horizontal stress (S hmin ) azimuth in Stress States 1-4 with respect to faults in southern Malawi. Area shown for each map is the same as in (a). Weighted fault lines are those in which reactivation analysis was conducted.
Geochemistry, Geophysics, Geosystems this belt experienced earlier Irumide age deformation (~1,020-950 Ma) is unclear (Andreoli, 1984; Fritz et al., 2013; Johnson et al., 2006; Kröner et al., 2001; Manda et al., 2019) and the Lower Shire graben may strictly be part of the Neoproterozoic Zambezi Belt (Chorowicz & Sorlien, 1992; Hargrove et al., 2003; Laõ-Dávila et al., 2015) . The Lower Shire Graben also underwent NW-SE Karoo extension (Castaing, 1991; Habgood, 1963) , whereas this extension was comparatively minor further north in the Zomba Graben (Bloomfield, 1965) . This was followed by a major period of Upper Jurassic-Lower Cretaceous magmatism throughout southern Malawi, which formed the Chilwa Alkaline Province (Bloomfield, 1965; Castaing, 1991; Dulanya, 2017; Eby et al., 1995; Habgood, 1963) .
40
Ar/ 39 Ar dating of the RVP and low temperature thermochronology indicate that the northern part of the Malawi Rift was established by the Oligocene (Mesko et al., 2014; Mortimer et al., 2016; Roberts et al., 2012) ; however, there is little chronostratigraphic control on the southern grabens analyzed here (Dulanya, 2017) . As elsewhere in the EARS (Smith & Mosley, 1993; Versfelt & Rosendahl, 1989) , these grabens follow the regional moderately dipping foliation (Figure 2a ). Thus, a polymodal range (sensu Healy et al., 2015) of NW to NNE striking faults occurs in southern Malawi.
Strain and Stress Indicators Within the Malawi Rift

Previous Estimates of Strain and Stress Within the Malawi Rift
At the scale of the EARS, kinematic models have been developed using a combination of earthquake slip vectors, and continuous and campaign GPS measurements (Saria et al., 2014; Stamps et al., 2008 Stamps et al., , 2018 . For the Malawi Rift, these models indicate an extension azimuth of 086°± 5°relative to a fixed Nubia Plate (Saria et al., 2014; Stamps et al., 2018) . However, the azimuth of individual GPS stations in the rift indicate ENE-WSW extension, except in the vicinity of the RVP (Figure 1 ; Stamps et al., 2018) . Delvaux and Barth (2010) used an earthquake focal mechanism stress inversion to derive a near Andersonian normal fault stress state for the Malawi Rift, with a subvertical maximum compressive principal stress (σ 1 , 83/070) and subhorizontal σ 3 (06/242, S hmin = 00/062). This S hmin orientation implies NE-SW extension, which is supported by slickenside measurements in the northern part of the Malawi Rift (Delvaux et al., 2012) but differs by 10°to 20°from the extension directions inferred from geodetic data (Stamps et al., 2018) . Furthermore, this stress inversion predicts that NNE-striking faults accommodate oblique extension ( Figure 2d ). However, slickensides on these faults indicate nearly pure dip-slip motion and thus approximately NW-SE extension (Bloomfield & Garson, 1965; Chorowicz & Sorlien, 1992; Ring et al., 1992; Wedmore et al., 2019) . The geometry of faults from seismic reflection surveys within Lake Malawi has also been used to infer NW-SE rift extension (Mortimer et al., 2007; Scott et al., 1992) .
An Updated Stress Inversion for the Malawi Rift
The discrepancy in rift extension direction when inferred from earthquake focal mechanisms, geodetic data, or fault slickensides may reflect the high azimuthal error and limited data set (13 focal mechanisms across the 900-km long rift) used by Delvaux and Barth (2010) . We therefore performed an inversion with an expanded catalog of 21 focal mechanisms (Table 1 and Figure 1a ), which incorporates (1) the four mainshocks (M W 5.5-5.9) of the 2009 Karonga earthquake sequence (Biggs et al., 2010; Gaherty et al., 2019; Hamiel et al., 2012) , (2) the 2018 M W 5.5 Nsanje earthquake (U.S. Department of the Interior U.S. Geological Survey, 2018), and (3) focal mechanisms from revised bodywave modeling (Craig et al., 2011) , which are considered more accurate than the Global Centroid Moment Tensor solutions used in the Delvaux and Barth (2010) inversion.
As in Delvaux and Barth (2010) , we use Win-Tensor (version 5.8.8, Delvaux & Sperner, 2003) to perform the inversion. Here, the data are first processed using the "Right Dihedron Method" to determine the possible range of σ 1 and σ 3 orientations (Angelier & Mechler, 1977) . This range is then refined by using "Rotational Optimisation" (Delvaux & Sperner, 2003) , which seeks to reduce the misfit angle (ω) between the earthquake slip vectors and the azimuth of maximum shear stress within the inversion. This inversion is first run for both nodal planes and then subsequently with just the plane that has the smallest misfit. Focal mechanisms were progressively filtered during the Right Dihedron method analysis using the Counting Deviation method (Delvaux & Sperner, 2003 , see supporting information Text S1).
The revised stress field shows a 10°clockwise rotation of σ 3 to 10/072 relative to the Delvaux and Barth (2010) inversion ( Figure 3) . Notably, the new S hmin (00/073) is now consistent with the extension directions from GPS stations in Malawi (Figure 1 ), and the azimuthal uncertainty has been reduced, from average ω = ±21°to ±12°. This may reflect that Delvaux and Barth (2010) included all focal mechanisms in their inversion regardless of their compatibility, whereas our increased data set allowed a more selective approach. However, the uncertainty in this solution is too high (maximum horizonal stress, S Hmax , azimuth one standard deviation uncertainty is ±22°, Figure 3 ) to definitively exclude the possibility of E-W or NE-SW extension, or a heterogenous stress state in southern Malawi.
This inversion is also inconsistent with dip slip slickensides on NNE striking faults (Chorowicz & Sorlien, 1992; Wedmore et al., 2019) . Stress inversions combining fault slickensides and earthquake focal mechanisms were performed; however, it was not possible to determine a reliable reduced stress tensor as either the data filtering was too severe or the stress shape ratio (Φ = σ 2 -σ 3 /σ 1 -σ 3 , where σ 2 is the intermediate principal stress) indicated an unrealistic prolate stress ellipsoid (Φ = 0.01 ± 0.04, Lisle et al., 2006 ; Text S1 and Figure S3 ). Similarly, stress inversions using focal mechanisms from just southern Malawi resulted in stress inversions with Φ = 0.13 ± 0.09 ( Figure S4 and Text S2). Hence, there is a need to consider other indicators of stress within the rift and fault reactivation potential.
Joint Orientations
Figures 2 and 4 show the orientations of two steeply dipping mutually cross-cutting joint sets in southern Malawi, which strike N-S and E-W. Measurements were made in either Southern Irumide Belt basement rocks, which in this region comprise a range of charnockites, metasediments, and mafic paragneisses, or in Upper Jurassic-Late Cretaceous Chilwa Alkaline Province syenites and norites (Bloomfield, 1965; Dawson & Kirkpatrick, 1968; Dulanya, 2017; Manda et al., 2019; Manyozo et al., 1972) . The observation of these joint sets in the latter suggests that they postdate Karoo extension, and a relatively young age is also supported by their open bare surfaces (Figure 4b ), which imply formation without any precipitation or Geological Survey (2018) . Focal mechanisms from C2011 are from waveform modeling unless otherwise stated. The reported nodal plane is the one favored by the stress inversion (i.e., the plane with the smallest misfist, the magnitude of which is also reported). We also indicate which mechanisms were filtered during the stress inversion. Map of focal mechanisms is given in Figure 1 . gCMT; Global Centroid-Moment-Tensor Project.
annealing processes that could be expected if the joints formed prior to exhumation. Joint orientations were all measured >50 m from faults and are inferred to be outside their respective damage zones.
If it is hypothesized that the N-S striking joints are opening parallel to the trend of σ 3 , it is possible to derive another estimate for the σ 3 orientation within southern Malawi. To do this, we quantitatively analyze joint orientations using Kamb Contours (Figure 4a ), where contours represent standard deviations away from the expected density of a random sample (Kamb, 1959) . This analysis finds that the highest concentration of poles to the N-S striking joint set trends 082°± 7°, which is taken here as the joint-derived σ 3 trend. This trend indicates an extension direction that is within error of the extension direction for the Malawi Rift indicated by geodetic models (Saria et al., 2014; Stamps et al., 2018) . The E-W striking joints are interpreted to reflect either an orthogonal joint set to the N-S set, and/or the emplacement of E-W striking Chilwa Akaline Province dykes (Bloomfield, 1965) . Many of the N-S striking joints are foliation-parallel and thus may not reflect tectonic stresses (e.g., Engelder, 1985; Price, 1959; Williams et al., 2018) . However, the N-S striking joint set is also observed within isotropic rocks. Thus, the σ 3 trend (079°± 8°, Figure S5 ) is not significantly changed when foliation-parallel joints are removed from the analysis. This trend is also within error of the revised stress inversion (Figure 3 ).
Fault Strength in Southern Malawi
To calculate fault reactivation potential at the southern end of the Malawi Rift, it is necessary to consider the frictional properties of its faults. We therefore selected three faults (Thyolo, Chingale
Step, and BililaMtakataka, Figure 2a ), which (1) encompass the range of fault orientations in southern Malawi, (2) have prominent scarps and are therefore considered active (Hodge et al., 2018 (Hodge et al., , 2019 Jackson & Blenkinsop, 1997; Wedmore et al., 2019) , and (3) are well exposed, so it is possible to sample them for compositional analysis. The footwall of the Chingale
Step and Thyolo faults consist of intensely fractured basement, which is in contact with hanging wall post-Miocene sediments across a <1-m thick fault gouge ( Figure 5 ; Dulanya, Figure 3 . Results of earthquake focal mechanism stress inversion for the Malawi Rift using Win-Tensor (Delvaux & Sperner, 2003) and the mechanisms listed in Table 1 . Lower-hemisphere equal area stereoplot depicts selected nodal planes (black lines) with slip vectors (black arrows), the three principal stress axes, maximum and minimum horizontal stress (S Hmax and S hmin ) trajectories (black and white arrows outside stereoplot respectively), 1 standard deviation error bars for S Hmax (red arc), S Hmax and S hmin trajectories for individual focal mechanisms (black and white bars outside stereoplot), and kinematic axes for individual focal mechanisms (grey circle: p axis, triangle: b axis, square: t axis).
Histogram represents distribution of misfit angles (ω), weighted arithmetically according to magnitude. One standard deviation of each parameter is also reported.
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Geochemistry, Geophysics, Geosystems 2017). Along most of its length, the Bilila-Mtakataka fault consists of a soil-mantled scarp (Hodge et al., 2018; Jackson & Blenkinsop, 1997) . However, at Kasinje (Figure 2a) , the fault consists of a 3-m thick unit of fractured gneiss that separates footwall and hanging wall hornblende gneisses (Hodge et al., 2018) .
To assess fault zone composition, X-ray diffraction (XRD) analyses were conducted on two samples from each fault: (1) a "country rock" sample from the intact basement closest to the fault and (2) a "fault rock" sample from the faulted contact itself, that is, the fault gouge for the Thyolo and Chingale
Step faults ( Figure 5 ), and fractured gneiss for the Bilila-Mtakataka fault. XRD patterns were collected on powdered samples with a Philips PW1710 Automated Powder Diffractometer using Cu-Kα radiation at 35 kV and 40 mA, between 2 and 70°2θ, at a scan speed of 0.04°2θ/s. From the scans, phases were identified using Philips PC Identify software. Using the peak areas, semiquantitative analysis was then performed to estimate the weight percentage of each identified phase (Table 2 and Figure S6 ).
For each fault, we find that the phyllosilicate content is typically <15% (Table 2 ). This is significant as faults that are frictionally weak (fault static coefficient of friction [μ s ] < 0.4) typically contain interconnected 
Geochemistry, Geophysics, Geosystems phyllosilicates phases that constitute >30%-40% of the fault rock (Massironi et al., 2011; Moore & Lockner, 2004) . Thus, we infer that these faults exhibit "Byerlee" frictional strengths (μ s~0 .6-0.8; Byerlee, 1978) , which is consistent with the results of deformation experiments on a suite of basement lithologies from the Malawi Rift (μ s = 0.55-0.80; Hellebrekers et al., 2019) . Differences in composition between country rock and fault rock samples are observed, such as for the Chingale
Step fault, where calcite is dominant in the fault rock but is not detected in the country rock sample (Table 2) . With these samples alone, however, we cannot determine if these differences reflect local protolith variations, near-surface weathering (Isaacs et al., 2007) , or fault zone alteration (Sutherland et al., 2012) .
Fault Reactivation Potential Analysis in Southern Malawi
Fault reactivation potential considers how susceptible a fault, of a given orientation and stress state, is to slip under the Mohr-Coulomb failure criterion. This criterion describes the shear stress (τ) required for a fault to exceed its frictional resistance (e.g., Sibson, 1985) :
where σ n is the normal stress, c is cohesive strength, and P f is pore fluid pressure. We consider fault reactivation potential in southern Malawi in terms of stress ratio, slip tendency, and effective coefficient of friction ( Figure 6 ). Step faults. Stars depict where "fault rock" samples were taken from for these faults. Footwall and hanging wall unit descriptions taken from Habgood et al. (1973) and Bloomfield (1965) respectively. Box in (a) highlights plane that was used to measure dip of Thyolo fault and is shown in the inset. Inset in (b) shows fault slickensides and orientations plotted on a lower hemisphere equal area stereonet (Wedmore et al., 2019) . Note that a dip of 57°was used for the Chingale
Step fault reactivation analysis, based on the average dip measured over other sites (Figure 2a ). Note. Results are normalized to 100% and so do not include estimates of unidentified or amorphous material. X-ray diffraction (XRD) diffractograms are given in Figure S6 .
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Stress Ratio
The stress ratio is the ratio between σ 3 and σ 1 required for fault slip (Q = σ 3 /σ 1 , Figure 6 ; Sibson, 1985) . For the assessed faults, which do not necessarily contain σ 2 in the stress states we consider, we use the 3-D solution outlined by Leclère and Fabbri (2013) , where
Here, A, C, D, and Δ are functions defined by the stress shape ratio (Φ), c, μ s , magnitude of σ 1 , and the direction cosines between the normal to the fault plane and the three principal stress axes (see Text S3).
We calculate Q for the three faults described in section 4, given Stress States 1-3 (Figures 2d-2f ). For Stress State 1 (NE-SW trending σ 3 ) we use the principal stress orientations derived in the Delvaux and Barth (2010) stress inversion (σ 1 = 83/070, σ 2 = 02/333, σ 3 = 06/242), for Stress State 2 (ENE-WSW trending σ 3 ) the orientations derived in the new inversion (σ 1 = 79/239, σ 2 = 02/341, σ 3 = 10/072, Figure 3) , and for Stress State 3 (E-W trending σ 3 ) the orientations based on joint orientations (σ 1 = 90/000, σ 2 = 00/172, σ 3 = 00/082). No reactivation analysis is conducted for the stress rotation hypothesis (Stress State 4, Morley, 2010), as it intrinsically assumes that all faults are favorably oriented for failure (i.e., Figure 6b ).
The strike of the Chingale
Step and Thyolo faults is constrained from their scarps that are visible in a 12-m resolution TanDEM-X digital elevation model (Hodge et al., 2019; Wedmore et al., 2019) . For the Chingale
Step fault, the strike is the orientation of the line that connects the two ends of its scarp, while for the segmented Thyolo fault, strike is the orientation of its longer northwestern section (Figure 2a) . Dips of 57°a nd 60°for the Chingale Step and Thyolo faults were derived from field measurements ( Figure 5 ). The deep structure of the Bilila-Mtakataka fault is best described by two subparallel segments, the longest of which is oriented 156/46 NE (Hodge et al., 2018) . By using these averaged strike measurements, we reduce the influence of fault nonplanarity caused by near-surface topographic stresses on our analysis (Norris & Cooper, 1995) . Furthermore, although there is uncertainty in how representative surface measurements of fault dip are, these measurements are similar to those inferred at depth from geophysical surveys and focal mechanisms in the Malawi Rift and elsewhere in the EARS (35-70°, Table 1 The stress ratio (Q = σ 3/ σ 1 ), normalized slip tendency (T′ s ), and effective coefficient of friction (μ s ′) acting on an optimally oriented cohesionless fault. In this case, Q = Q Optimal , T′ s = 1, μ s ′ is the same as the frictional strength of an optimally oriented fault (μ s = tanϕ), and no fluid pressure (P f ) is required for reactivation. In addition, the orientation of three hypothetical faults is also depicted. The Q, T′ s , μ s ′, and P f required for reactivation of these (b) favorably oriented, (c) unfavorably oriented, and (d) severely misoriented fault is then also shown. For clarity, this example is for a 2-D reactivation analysis when the fault plane contains σ 2 . However, the principles are the same for a 3-D analysis.
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As justified in section 4, we infer that these faults exhibit Byerlee frictional strengths, and so μ s = 0.7. A foliation-parallel preexisting fault would generally be considered cohesionless (Morley et al., 2004; Sibson, 1985) . However, the high-grade metamorphic fabrics within the Malawi Rift are qualitatively observed to be cohesive (Figure 4b) . Furthermore, the rift's geodetically derived extension rate (~2 mm/year; Saria et al., 2014) and EARS Western Branch seismicity b values (≤1; Hodge et al., 2015; Lavayssière et al., 2019) both imply long recurrence intervals between earthquakes, so it is possible that interseismic healing has led to fault cohesion recovery (Tenthorey & Cox, 2006) . To account for this ambiguity, we calculate Q for endmember cases where c = 0 and c = 40 MPa, the latter of which is derived from crystalline rocks typically exhibiting tensile strengths (T 0 ) of 20 MPa, and that c ≈ 2T 0 (Lockner, 1995; Sibson, 1985 Sibson, , 1998 .
No knowledge of stress magnitudes is required for calculating Q for a cohesionless fault (Leclère & Fabbri, 2013) . However, the magnitude of σ 1 is needed to determine Q for a cohesive fault, which is calculated by assuming an Andersonian normal fault stress state where
where σ v is the vertical stress, g is gravity (9.8 ms −2 ), z is depth, and ρ(z) is the average density of the overlying crust for a given depth, which is a function of an inferred Malawi Rift three-layer crustal model (Table S2 ; Nyblade & Langston, 1995; Fagereng, 2013) . We initially assume the crust is dry, and so the pore fluid pressure, P f = 0; however, the influence of fluids on fault reactivation is discussed in sections 5.3 and 7. The stress shape ratio (Φ) is 0.43, as derived from the updated stress inversion (Figure 3 ).
Slip Tendency
Slip tendency (T s ) is a measure of the ratio of τ to σ n acting on the fault surface (Lisle & Srivastava, 2004; Morris et al., 1996) :
For a given stress state, there is a maximum value of T s , which is that acting on a cohesionless optimally oriented fault (Figure 6 ; Lisle & Srivastava, 2004) . This leads to a normalized index of slip tendency (T′ s ) that ranges between 0 and 1:
(corrected from equation (3) in Lisle and Srivastava (2004) ; R. Lisle, personal communication, January 4, 2019) where ϕ is the angle of internal fault friction (tanϕ = μ s ). To calculate T s and T′ s for the Chingale
Step, Thyolo and Bilila-Mtakataka faults without knowledge of the magnitudes of τ and σ n , we use the solutions outlined by Lisle and Srivastava (2004) ; see Text S4. This analysis is performed for Stress States 1-3, assuming μ s = 0.7, P f = 0, and Φ = 0.43.
Fault Effective Coefficient of Friction
The concept of T s can be extended to calculate the effective coefficient of friction (μ s ′), which describes the maximum value of μ s or lowest value of P f that allows faults to reactivate for a given stress state, without also inducing failure along optimally oriented planes in intact rock (Figure 6 ; Sibson, 1985; Muluneh et al., 2018 ). Like T s , μ s ′ is a measure of the ratio of τ to σ n acting on a fault; however, it is derived using inferred principal stress magnitudes, and fault cohesion can be incorporated. This is advantageous as μ s ′ can then be compared to values of μ s inferred from experimental and compositional analysis of faults to determine if they will reactivate in a given stress state, or if elevated fluid pressures are required.
Principal stress magnitudes can be derived as μ s ′ is being equated to the stresses acting on an optimally oriented fault (Figure 6 ), thus under Mohr-Coulomb theory (Jaeger et al., 2007) :
where ϕ i = tan Geochemistry, Geophysics, Geosystems calculate σ 3 and σ 2 by rearranging equation (6) and the equation for Φ (equation (S1)), respectively. The principal stress magnitudes can then be used to calculate τ and σ n as a function of depth (Jaeger et al., 2007) , and μ s ′ can be derived by rearranging the Mohr Coulomb criterion (equation (1)). Thus, for the parameters assumed here:
where the functions A, B, and C are defined by equations (S2)-(S4) (see Texts S3 and S5). As previously, we calculate μ s ′ for the Thyolo, Chingale
Step, and Bilila-Mtakataka faults being reactivated in Stress States 1-3; however, for Stress States 1 and 2, the principal stress axes are slightly rotated so that σ 1 = σ v , and σ 2 and σ 3 equal S Hmax and S hmin , respectively. This analysis considers both cohesionless and cohesive faults and is performed over a depth range of 6-35 km, which encompasses the range of earthquake nucleation in the Malawi Rift (Biggs et al., 2010; Craig et al., 2011; Nyblade & Langston, 1995) .
The minimum pore fluid pressure (P f′ ) required to reactivate a fault ( Figure 6 ) can also be calculated as a function of depth, μ i , and μ s ′:
(see Text S5). This is calculated with μ i = 0.7 and is plotted in terms of the effective pore-fluid factor (λ v ′= P f ′/ σ v ). For comparison, the orientation of the faults is also shown in a stereoplot that is contoured by μ s ′ values for each stress state for a given Φ, μ i , and depth. Plots of the maximum μ s ′ that allows all three faults to reactivate for all possible σ 3 trends are also included. As fault reactivation is also influenced by variations in Φ and μ i (Boulton et al., 2018) , we show μ s ′ contour plots in Φ-μ i space for a fixed set of fault and principal stress orientations. In addition, the results of this analysis at a depth of 20 km are shown in 3-D Mohr Space using MohrPlotter v. 2.8.3 (Allmendinger et al., 2011) .
Fault Reactivation Potential Results
The Thyolo and Bilila-Mtakataka faults have a high reactivation potential under Stress State 1, as their Q value is "favorable" and T′ s~1 (Table 3 ). Thus, they will reactivate under Stress State 1 at relatively high μ s ′ (>0.55), regardless of whether they are cohesive or not (Table 3 and Figures 7a, 8a , 9a, S7 and S9). Conversely, the Chingale Step fault is "unfavorably" to "severely misoriented" in this stress state (Table 3) , depending on depth and whether it is cohesive. T′ s = 0.62, and at depths >10 km, it will not reactivate in Stress State 1 unless μ s < 0.6 or λ v > 0.1 (Table 3 and Figures 8a, 9 , S9a, and S10). Note. F = favorably oriented fault (Q > 0.5Q Optimal ); U = unfavorably oriented fault (0.5Q Optimal < Q < 0), and S = severely misoriented fault (Q < 0, Figure 6 ; Leclère & Fabbri, 2013; Sibson, 1985) . 
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In Stress State 3, all faults exhibit T′ s > 0.8, although the reactivation potentials of the Thyolo and BililaMtakataka faults are slightly less than under Stress State 1 (Table 3) . Therefore, all faults will reactivate at μ s > 0.54 at depths >10 km (Table 3 and Figures 7c, 8c, 9d, and S9c) . Fault reactivation potential in Stress State 2 is intermediate between Stress States 1 and 3 except for the Bilila-Mtakataka fault Q and T′ s analysis (Table 3 and Figure 7b, 8b, and S9b) . This likely reflects the nonvertical plunge of σ 1 obtained in this inversion (Figure 3 ), since intermediate values are observed when σ 1 is assumed to be vertical for the μ s ′ calculations. All results for μ s ′ are broadly independent of the values of Φ and μ i (Figures 10 and S11 ).
How Do Faults in Southern Malawi Reactivate?
An active fault scarp has been described along Chingale
Step fault by Wedmore et al. (2019) , and so its orientation is representative of a structure currently accommodating extension. However, if it is cohesionless at 10-to 35-km depth, in Stress State 1 μ s ′ is between 0.50 and 0.60 (Figures 9b and S9a) . This is at the lower end of frictional strengths inferred from its composition (Table 2) and deformation experiments on basement rocks in Malawi (Hellebrekers et al., 2019) . In the cohesive fault case, μ s ′ = 0.35-0.45 (Figure 7a , 8a, and 8d), and so below its likely frictional strength.
Alternatively, the Chingale Step fault may reactivate under Stress State 1 at μ s = 0.7 through a moderate increase in fluid pressure (λ v ′ 0.1-0.3, Figures 9c and S10) , which is sustainable in a normal fault stress Step, and Bilila-Mtakataka fault in (a-c) Stress States 1-3 between depths 6-35 km. Analysis for cohesive faults (c = 40 MPa), with no fluid pressure, intact rock strength μ i = 0.7, and stress shape ratio Φ = 0.43, and density model in Table S2 . For equivalent figures for cohesionless faults, see Figure S9 .
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Geochemistry, Geophysics, Geosystems state (Sibson & Rowland, 2003) . However, post-Miocene hanging wall sediments are <100-m thick in southern Malawi (Bloomfield & Garson, 1965; Mynatt et al., 2017; Walshaw, 1965) , so these faults juxtapose basement rocks across most of the crust. Given that these rocks have been dehydrated during one or more episodes of high grade metamorphism (Fagereng, 2013) , fluid ingress into these fault zones is likely to be Table S2 , and that σ 2 and σ 3 equal S Hmax and S hmin , respectively. For all plots the intact rock strength μ i = 0.7, stress shape ratio Φ = 0.43, and there is no fluid pressure. Stereoplots constructed using Cardozo in Allmendinger et al. (2011) . Step faults will reactivate in this stress state, and reactivation of Bilila-Mtakataka requires a slight reduction in μ s ′ to 0.66 (Table 3) . Analysis assumes Φ = 0.43 and density model in Table S2. limited (Hollinsworth et al., 2019) . Indeed, even in northern Malawi where sediments are~500-m thick (Kolawole et al., 2018) , there is little fluid involvement in active faulting (Gaherty et al., 2019) . Low fluid pressures around these faults is also illustrated by the lack of extensive vein networks observed in their damage zones (Figure 5 ; cf. Bruhn et al., 1994; Caine et al., 2010; Sutherland et al., 2012) .
This reactivation analysis cannot definitively discount stress states; ideally, these should be measured using a range of techniques (e.g., borehole breakouts). Nevertheless, it does suggest that previous models of a NW-SE trending σ 3 in Malawi (Chorowicz & Sorlien, 1992; Mortimer et al., 2007; Ring et al., 1992) would require unreasonably weak faults (μ s ′ < 0.5, Figure 8d ). Furthermore, it is difficult to account for why a structure with the NNE-SSW strike of the Chingale Step fault would have activated and continue reactivating in Stress State 1, instead of a more optimally oriented fault forming. Conversely, in Stress States 2 and 3, all faults can reactivate at μ s or P f that require neither frictionally weak minerals nor elevated fluid pressure (Figures 7-9 ). In addition, fault slickensides in the Zomba Graben ( Figure 5 ; Chorowicz & Sorlien, 1992; Wedmore et al., 2019) indicate NW-SE extension, in contrast to the highly oblique (α < 40°) NE-SW extension predicted by applying the Wallace-Bott criterion to Stress State 1. Indeed, it is difficult to reconcile any uniform stress state to the range of NW-SE to NE-SW extension directions that have been proposed for the Malawi Rift based on fault slickensides and earthquake focal mechanisms (see section 3.1).
A range of extension directions could be accounted for by the model proposed in Morley (2010) whereby Southern Irumide metamorphic fabrics rotate σ 3 along the rift, so that all faults are dip slip (i.e., Stress State 4, Figure 2g ). In this way, all faults will be favorably oriented for reactivation. Furthermore, 
Geochemistry, Geophysics, Geosystems although some oblique slip focal mechanisms (Table 1) and fault slickensides are recorded in southern Malawi, in the former case, these tend to be historical focal mechanisms that were not instrumentally well recorded, while with regard to the latter, this may relate to slickensides that record the inherent oblique slip component of normal faulting earthquakes as the fault tip is approached (Hampel et al., 2013; Philippon et al., 2015; Roberts, 1996) . There is, however, a discrepancy between Stress State 4 and the homogenous orientation of joint sets in southern Malawi, which suggest a uniform stress state (Figures 2 and 4) . The Bilila-Mtakataka and Chingale
Step faults also locally crosscut the foliation in a nonsystematic manner at the surface (Figure 2a ; Bloomfield, 1965; Jackson & Blenkinsop, 1997; Hodge et al., 2018) , further suggesting that the foliation is not actively rotating stresses.
We therefore propose a variation of the Morley (2010) hypothesis that is based on analog models (Corti et al., 2013; Philippon et al., 2015) and which satisfies the constraints of variably striking frictionally strong normal faults and consistently oriented joints sets. Here, the regional principal stress axes (sensu Pollard et al., 1993) in southern Malawi are uniform but local fault slip vectors (in the sense of Twiss & Unruh, 1998) are rotated to dip slip along the rift by a deep-seated weak ductile shear zone that is oblique to σ 3 , but which conditions the kinematics, geometry, and distribution of the rift's faults (Hodge et al., 2018; Wedmore et al., 2019) . Our reactivation analysis indicates that a uniform σ 3 in southern Malawi should trend between ENE-WSW (Stress State 2) and E-W (Stress State 3; Figures 7 and 8 ). If true, this hypothesis has the following implications:
1. A polymodal range of fault orientations at the southern end of the Malawi Rift (Figure 2a ) can be accounted for by a uniform stress state and the Mohr Coulomb criterion, given variably oriented preexisting crustal weaknesses (cf. Healy et al., 2015) . 2. NW and NNE striking faults in southern Malawi do not represent a sequential set of highly oblique faults that link faults striking orthogonal to σ 3 . Instead, all faults reactivate while striking slightly oblique (α > 50°) to a uniformly trending σ 3 (Figures 2e and 2f ). 3. Using fault slickensides and earthquake focal mechanisms in stress inversions is problematic as regional stresses and local incremental fault displacements are not necessarily aligned (Philippon et al., 2015; Twiss & Unruh, 1998) . Furthermore, accurate principal stress directions will not be derived from stress inversions in which only a subset of fault orientations from a polymodal distribution are included (Healy et al., 2015; Twiss & Unruh, 1998) . 4. This justifies a reassessment of the stress states that have been inferred elsewhere in the Malawi Rift (Chorowicz & Sorlien, 1992; Delvaux & Barth, 2010; Mortimer et al., 2007; Ring et al., 1992) , and other rifts where highly oblique transfer zones have been proposed (e.g., Acocella et al., 1999; Chorowicz & Deffontaines, 1993) . 5. Normal faults with a wide range of strikes can all reactive within the same stress state, which should be considered when assessing seismic hazard in continental rifts.
Conclusions
Previous studies have proposed NE-SW, ENE-WSW, E-W, and SE-NW extension directions in the Malawi Rift. Here, we demonstrate how the reactivation potential of three variably striking active faults supports a σ 3 trend in southern Malawi that lies between ENE-WSW and E-W (Figure 8 ). Previous estimates of a NW-SE (Chorowicz & Sorlien, 1992; Delvaux, 2001; Mortimer et al., 2007; Ring et al., 1992) or NE-SW σ 3 trend (Delvaux et al., 2012; Delvaux & Barth, 2010) are considered unlikely as they require that some faults in the rift are highly oblique and thus reactivate with unreasonably low frictional strengths and/or high pore fluid pressures. Furthermore, an ENE-WSW to E-W σ 3 trend is consistent with regional joint sets (Figures 2  and 4) , an updated focal mechanism stress inversion (Figure 3) , and geodetic data (Stamps et al., 2018 ). An alternative hypothesis that foliation actively rotates the stresses along the rift (Stress State 4, Figure 2f ; Morley, 2010) is inconsistent with spatially homogeneous joint orientations and local variations in the foliation orientation.
An ENE-WSW to E-W σ 3 trend suggests that all faults in southern Malawi reactivate at slightly oblique angles (angle between fault strike and regional σ 3 trend >50°) and thus counter to typical models of oblique rifting in which one fault set strikes orthogonal to σ 3 and the other is highly oblique (e.g., Acocella et al., 1999; McClay & White, 1995) . It is unclear whether this slightly oblique extension is reflected in the kinematics of faults in southern Malawi, or if the faults are actually pure dip slip as indicated by the few welldetermined focal mechanisms (Table 1 ). In the latter case, this can be explained by a deep-seated zone of crustal weakness, which reorients slip (Corti et al., 2013; Hodge et al., 2018; Philippon et al., 2015) . Either way, in rifts where stress states derived from measurements of incremental fault displacement are ambiguous, fault reactivation potential analysis provides a powerful way to test their applicability.
